ABSTRACT We investigate the performance of several metallization techniques for 3-D printed antennas at 10 and 30 GHz. The investigated techniques reduce the complexity and the overall cost of the metallization process. The first investigated technique is called Jet Metal Process which is a direct plating of silver ions through spray coating. The second and third techniques are through spray coating of the antennas using electromagnetic interference or radio frequency interference conductive aerosol paint consists of either copper or nickel particles. The final investigated technique is by brush painting the antennas using electrolube silver conductive paint. Simulation and measurement results show that the proposed techniques have a reasonable performance in both bands which qualifies them to be simple and low cost possible alternative of the electro-less plating for some antenna applications.
I. INTRODUCTION
Additive manufacturing or 3D printing is a powerful technology that enables low cost and rapid prototyping of products for different engineering applications. The technology has been widely used for antenna designs and microwave applications at various frequency bands such as microwave frequencies [1] - [7] , millimeter-wave band [8] - [10] and THz communication in [11] - [12] . In addition, 3D printing technology is proven to be effective in realizing antenna prototypes that have different shapes such as: waveguide based antennas and arrays in [1] , [2] , and [9] , smooth flared and corrugated horns in [3] - [5] , flexible and fractures antennas in [6] and [7] . Generally, manufacturing an antenna using 3D printing process consists of two major steps. The first step which is the simpler one is to 3D print a plastic/dielectric prototype using a 3D printer, while the second step is to metallize (plate) the dielectric prototype [1] . Theoretically, the metallized prototype is supposed to deliver the same performance as the metal counterpart once the antenna has been metallized with a metal-like smooth layer that is thicker than the skin depth at the desired operation frequency. For example, the skin depth for metals such as Copper, Gold, Aluminum and Silver is ≈ 0.7µm at 10 GHz and ≈ 0.4µm at 30 GHz. In addition, the most common, reliable, high performance and widely used metallization method for 3D printed shapes is Electro-less metallic plating also known as Electrochemical or Autocatalytic plating. However, Electro-less plating remains a complex and expensive process as it requires high number of processing steps and it involves using expensive chemicals such palladium in the activation process. Palladium is needed to catalyze the surface of the 3D-printed structure to initiate the deposition of nickel or copper. Moreover, Electro-less plating suffers from additional disadvantages such as: the difficulty of plating large objects, limited solution shelf life, toxicity and the whole process has ecological problems and it is environmental unfriendly [13] - [15] . In this paper, we investigate the performance of several metallization techniques that can be used as an alternative of electro-less plating for some antenna applications at 10 GHz and 30 GHz. The investigated metallization techniques have two main advantages over electroless plating as they reduce the complexity and the number of steps required for the metallization process and they reduce the overall cost of the final 3D printed antennas. 
II. ANTENNA STRUCTURE
Two antennas are designed to operate at X-band and Ka-band to test the proposed metallization techniques. The X-band antenna resonates at 10 GHz and the Ka-band antenna resonates at 30 GHz. Both antennas have similar structure and operation principles since the Ka-band antenna is designed by scaling down the size of the X-band antenna. The schematics of the proposed antennas are shown in Figure. 1 and the fabricated prototypes are shown in Figure. 2. Each of the proposed antennas consists of a central resonant slot surrounded by a rectangular cavity and two corrugations. The slot is fed using standard WR90 waveguide in the X-band antenna case and WR28 in the Ka-band antenna case. In both antennas, the waveguide width b is aligned with the slot width (SW) and the waveguide length a is aligned with the slot length(SL). Therefore, the electromagnetic energy is coupled to the surface of antenna along the direction of slot width making the electric field polarized in the x-direction. The parameters of the antennas are: antenna width W , antenna length L, antenna thickness T , corrugation depth D, corrugation width C, rectangular cavity depth K , rectangular cavity width W 1, distance between corrugations and cavity X and rectangular cavity length L1. The detailed dimensions of the proposed antennas are shown in Table. 1. The dimensions of both antennas are optimized to maximize the directivity at resonance frequency. Hence, the optimization routine to maximize the directivity of the antennas at the desired frequency band can be summarized as follows [16] - [18] :
III. FABRICATION METHOD AND METALLIZATION TECHNIQUES
The antennas are 3D printed with a clear finish using Objet30 printer. Objet30 is a prime Polyjet 3D printer which uses polyethylene and it prints with a layer thickness of 16µm and an accuracy of 100µm. Then, the fabricated prototypes are washed by pressurized water to remove the support material that is used through the 3D printing process. After that, the 3D-printed prototypes are metallized using four different low cost methods as follows:
The Jet Metal process (JMT) which is used to metallize the X-band and Ka-band prototypes is referred to as Ant-1. JMT is a low cost metallization method alternative to electroless plating [13] - [15] . JMT is a direct plating method for silver particles developed by Jet Metal Technologies. The technique is used to coat a thin and a smooth silver film on top of the 3D printed antennas. Firstly, the 3D printed prototypes are cleaned by Isopropyl Alcohol in order to remove grease and stain. After cleaning, both antennas were flamed in order to get a good wettability on the whole surface and to increase the adhesion of the silver coating. Then, the prototypes are fixed on a holder that can be rotated in order to get a homogeneous coating. The silver is deposited to the surface of the antenna through continuous and simultaneous spraying of an oxidant agent (metallic ions Ag+) and a reducing agent by using two double nozzle paint spray gun and compressed air at room temperature as shown in Figure. 3. Hence, both antennas are coated with a film has a thickness of 2.5µm by using two spray guns simultaneously for 13 minutes, where the thickness of the silver layer can be easily controlled by the controlling the spraying time.
The antennas which are metallized using the second metallization method is referred to as Ant-2. Ant-2 both prototypes are metallized using the commercially available electromagnetic interference or radio frequency interference (EMI/RFI) conductive aerosol paint. EMI/RFI conductive paint is commonly used for low cost electromagnetic shielding applications on plastic electronic housing. The used EMI/RFI spray is RS 247-4251 shielding aerosol with a bronze colour [19] . The aerosol constituents of copper particles and acrylic resin along with compressed air contained in 400ml can. The aerosol is used to manually spray two coats of the paint on the surface of the antennas at room temperature. Two coats were primarily applied to guarantee that the interior sides of the corrugations and the slots are properly painted. The aerosol is conductive in 5 minutes after spraying and it delivers maximum conductivity within 24 hrs after spraying. No pretreatment or post-processing steps were applied before/after spraying the prototypes. The cost of 400ml can is ∼ 50 USD with a coverage area of 1.3m 2 per 400ml which is sufficient to metallize around 15∼20 pieces of the suggested prototypes.
The third method which is used to metallize the antennas is referred to as Ant-3 which is by coating the 3D printed prototypes using EMI/RFI Nickel screening compound (NSCP) [20] . The aerosol which is developed by Electrolube consists of nickel powder and thermoplastic resin along with compressed air in 400 ml can. Three coats have been manually sprayed to the surface of the proposed antennas and the finished prototypes have a dark grey colour as shown in Figure. 2. No pre-treatment or post-processing steps were applied before/after spraying the prototypes. The cost of the 400 ml is ∼55USD with a coverage area of 1.5 m 2 per 400ml which is sufficient to metallize around 15∼20 pieces of the proposed prototypes.
The antennas which are metallized using the fourth metallization technique are referred to as Ant-4. Ant-4 prototypes are painted using Electrolube silver conductive paint (SCP) [21] . The paint has 45% silver content carried by solvent blend in a small 3grams bottle. The paint is applied gently to the surface of the antennas using a fine paint brush. Only one coat was applied and the painted prototypes left to dry for 10 minutes at room temperature. No pretreatment or post-processing steps were applied before/after painting the prototypes. The finished prototypes are shown in Figure. 2. Finally, less than 2grams of silver where used to metallize both prototypes at a cost of less than 15 USD for the 3g bottle. The full cost comparison of the metallization material used in the fabrication of the proposed antennas is shown in Table. 2.
IV. ANTENNAS OPERATING PRINCIPLES
The Ka-band antenna is designed by scaling down the size of the X-band antenna to test the performance of the metallization techniques at both bands. Both antennas have the same operation principles to the Ku-band and Ka-band Aluminum antennas presented in [17] . The EM energy is coupled by the waveguides to the surface of the antennas using the resonant slot. The resonance frequency is inversely proportional to the cavity length(L1) and slot length (SL) as the antenna resonates at ≈ λ 2 as shown in Figure 4 (a) and (b). The slot width (SW ) controls the bandwidth as shown in Figure . 4 (c). The antennas have high gain and directivity performance compared to their small size due to the combined radiation from the slot, corrugations and rectangular cavity. For instance, the X-band antenna has a peak directivity of 5.3 dBi due to the radiation from the slot only. Adding the cavity to the surface VOLUME 6, 2018 of the antenna increases the directivity by 4.4 dBi to 9.7 dBi, while the final directivity is increased by another 3.3 dBi to be 13 dBi, once the corrugations are added. The radiation from the cavity is due to the strong excitation of the TM 21 mode inside the cavity [17] , [18] , where maximum directivity is achieved once the cavity length is L1 = λ and when the cavity depth is in range of Figure.5 . Moreover, the corrugations excites the travelling waves on the surface of the antenna [17] , [18] , [22] , [23] , resulting in a peak in the boresight radiation once the dimensions of the corrugations are optimized as shown in Figure. 5 (b) and (c).
V. NUMERICAL AND EXPERIMENTAL RESULTS

A. X-BAND ANTENNAS
The antenna is simulated using CST microwave studio, where the antennas are modelled as a perfect electric conductor (PEC). The reflection coefficients (S 11 ), radiation patterns and gain are measured for the fabricated four X-band prototypes. The gain of the antenna is measured using gain comparison method described in details in [24] and using the setup shown in Figure 6 . The antenna under test (AUT) is replaced in an anechoic chamber on top of rotating table. The rotating table rotates in the azimuth with 360 • rotating angle and it is 4.5m away and aligned with a dual polarized horn antenna that is used as a transmitter (Tx antenna). Both Tx antenna and AUT are connected to a network analyzer to provide an accurate measurement of gain and radiation patterns. The simulated PEC antenna resonates at 10 GHz with a simulated bandwidth of 1.15 GHz as shown in Figure 7 and it has a simulated peak gain of 13 dBi at 10 GHz. The simulated gain of the PEC antenna is higher than 12 dBi over the entire bandwidth as shown in Figure 8 . The simulated radiation patterns of the PEC antenna at 10 GHz is shown in Figure 9 and it shows that the antenna has a half power beam width (HPBW) of 29 • in the E-plane and 42 • in the H-palne with side lobe level (SLL) of -9 dB in the E-plane and -24 in the H-plane.
The measured Ant-1 has an excellent S 11 agreement with the simulated PEC antenna. In addition, a very good agreement is found between the simulated PEC antenna and the measured S 11 and radiation patterns of Ant-2 and Ant-4 and less agreement is found in Ant-3 case. The measured gain, radiation patterns and cross polarization of the proposed antennas are shown in Figure 9 and Figure 10 . The measured antennas figures of merits are summarized in Table. 3. Ant-1 has a measured HPBW of 29 • in the E-plane and 42 • in the H-plane. Ant-1 has a measured peak gain of 12.9 dBi at 10 GHz, while the measured gain is 0.1∼0.3 dBi lower than the PEC antenna depending on the frequency of operation. Ant-2 HPBW is 31.5 • in the E-plane and 42 • in the H-plane as shown in Figure 9 . In addition, Ant-2 has a peak gain of 12.2 dBi at 10 GHz with gain losses of 0.8∼2 dBi compared to the simulated PEC antenna. Furthermore, Ant-4 has a measured peak gain of 12.7 dBi at 10 GHz and generally, the gain is 0.3∼0.8 dBi lower than the simulated PEC antenna as shown in Figure 8 . Finally, Ant-3 has a peak gain of 9.8 dBi at 10 GHz with a HPBW of 40 • in the E-plane and 45 • in the H-plane and the measured gain is 3.1∼3.5 dBi less than the simulated PEC antenna.
B. KA-BAND ANTENNAS
The simulated and measured S 11 , gain, radiation patterns and cross polarization of the proposed Ka-band antennas are shown in Figure 12 , Figure. 13, Figure. 14 and Figure. 15. The measured radiation patterns were only in the range of ∓∅ = ∓60 • , which is the maximum achievable angle range due to the limitation of the planar near-field test system used in the measurements. The near field is measured using the measurements setup shown in Figure 11 . AUT is replaced on a fixed holder that is 40 mm away from 200V NSI which is a planar near field scanner. The near field scanner has a probe measures sample of near field through raster scan in the X and Y direction along the surface of the antenna. Then, the measured near-field samples are converted to far-field using the NSI software which implements Fourier transform algorithm. The detailed comparison between the figures of merits of the measured antennas with the simulated PEC antenna is shown in Table. 4. At 30 GHz, Ant-1 has a measured gain of 12.75 dBi at 30 GHz and the gain is 0.25∼0.4 dBi lower than the PEC antenna depending on the frequency of operation as shown in Figure 13 . Furthermore, Ant-2 has a peak gain of 12.3 dBi at 30 GHz with a gain difference of 0.7∼1.7 dBi compared to the PEC antenna. Ant-4 has a gain of 12.6 dBi at 30 GHz with a gain loss of 0.4∼1.1 dBi compared to the PEC antenna. Finally, Ant-3 has a gain of 9.8 dBi at 30 GHz with a gain loss of 3∼3.5 dBi compared to PEC antenna.
VI. DISCUSSION
There are three main factors affect the performance of the proposed 3D printed antennas. The first is the accuracy and the resolution of the 3D printer, the second factor is the conductivity and thickness of the metallization technique, while the third one is the surface roughness of the metallized antenna [4] . The accuracy of the used 3D printer is 0.1mm which corresponds to λ/300 at 10 GHz and to λ/100 at 30 GHz. Therefore, the fabrication tolerances have a very small effect on the performance of the X-band antennas and a greater effect on the performance of the Ka-band antennas. In fact, the Ka-band antennas bandwidth and resonance frequency is sensitive to even 50µm variation in the slot dimensions as shown in Figure. 16, especially the dimensions of slot length and radius of the bend at slot corners.
The conductivity of each of the metallization techniques is measured by measuring the sheet resistance R s to analyze its effect on the performance of the antennas. R s is measured in ohm per squar ( / ) and it is expressed as:
Where ρ is the resistivity ( ) and t is the thickness of the paint, and the conductivity is σ = 1 ρ = S.m −1 . R s is measured using four point probe and the thickness of the paint for Ant-2, Ant-3 and Ant-4 is measured in-house using a contact profilometre. However, the thickness of the film silver layer for Ant-1 is controlled to be 2.5µm thick during the spraying process by controlling the spray time.
Furthermore, the effect of conductivity on the gain and reflection coefficient of the antennas is simulated and studied. It has been noticed that the changes in the conductivity affect the bandwidth and the position of the resonance frequency of both X-band and Ka-band antennas as shown in Figure 17 . Lower conductivity values contribute to a limited increment in the bandwidth of the antennas and it gradually shifts the resonance frequency of the antennas at lower frequencies as shown in Figure 17 . Moreover, lower conductivity contributes to conduction and gain losses in the antenna performance as shown in Figure 18 and summarized in Table. 5.
One of the main disadvantages of the methods used to metallize Ant-2, Ant-3 and Ant-4 is that it is not entirely possible to accuretly control the thickness of the paint layer uniformity on the antenna surface, especially in the interior sides of the slot and corrugations. The thickness of the paint depends mainly on the number of applied coats and more importantly on the period of time of the spraying process in case of Ant-2 and Ant-3. This contributes to variation in the conductivity across the antenna surface resulting in a limited additional losses that cannot be predicted during the simulation process. For example, the thickness of the two coats of copper spray used for Ant-2 is in range of 50∼80 µm and the thickness of three coats of Nickel spray used for Ant-4 is in range of 100∼ 200µm. This explains the shift in the resonance frequency of Ant-2 and Ant-4 at higher frequencies as the thickness of the paint reduced the physical size of the slot resulting in a shift of the resonance to higher frequencies.
The root mean square (RMS) of surface roughness of each of the metallization technique is measured along a path of 5 mm using a contact profilometre as shown in Figure. 19. The RMS surface roughness of Ant-1 is 1.82 µm and it is 8.71µm, 4.62µm for Ant-2 and Ant-4. This is unlikely to contribute to any significant gain losses at both X-band and Ka-band as it is much lower than the measured surface roughness of 25.9 µm (RMS) which contributed to no losses in the horn gain at 15 GHz [4] . However, the surface roughness of Ant-3 is 41.4 (RMS) which is likely to contribute to gain losses as it is comparable to the RMS value of 39.7 µm reported in [4] which contributed to gain loss of 0.7 dB at 15 GHz. Furthermore, the nickel paint used to metallize Ant-3 has poor adhesive properties as few cracks appeared on the surface of the 3D printed antennas after application. These cracks justify the additional gain losses and the variation in the S 11 performance of Ant-3 at X-band and Ka-band. The pros and cons of the proposed metallization techniques are summarized in Table. 6. Finally, another main disadvantage of all of the proposed metallization techniques in this paper is that they cannot be used to metallize the interior parts of closed structures such as hollow waveguides, unless these closed structures are dismantled.
VII. CONCLUSION
The Performance of four different metallization techniques for 3D printed antenna applications were tested and analyzed at 10 GHz and 30 GHz. The proposed techniques simplify the fabrication process and reduce the overall cost of the 3D printed antennas. The first tested metallization technique is called JMT process which relies on depositing silver to the surface of the antenna through continuous and simultaneous spraying of silver ions to the surface of the antenna through using a paint spray gun and compressed air at room temperature. JMT process delivers excellent performance comparable to the simulated PEC antennas at 10 GHz and 30 GHz. The second and third techniques were to use EMI/RFI copper and nickel aerosol to paint the surface of the antennas. It has been found that the antennas metallized using the copper paint has a good performance at 10 GHz and 30 GHz, while the antennas metallized using the nickel paint has a poor performance at both frequencies as it has lower conductivity, very rough surface and poor adhesion properties on the surface of the 3D printed material. The final investigated technique is to brush paint the antennas by using SCP and the measurements results shows that it delivers reasonable performance at 10 GHz and 30 GHz. VOLUME 6, 2018 
